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AECLittle effort has been made to apply the insights gained from studies of amphibian limb regeneration to higher
vertebrates. During amphibian limb regeneration, a functional epithelium called the apical ectodermal cap (AEC)
triggers a regenerative response. As long as the AEC is induced, limb regeneration will take place. Interestingly,
similar responses have been observed in chicken embryos. The AEC is an equivalent structure to the apical
ectodermal ridge (AER) in higher vertebrates.When a limb bud is amputated it does not regenerate; however, if
the AER is grafted onto the amputation surface, damage to the amputated limb bud can be repaired. Thus, the
AER/AEC is able to induce regenerative responses in both amphibians and higher vertebrates. It is difﬁcult,
however, to induce limb regeneration in higher vertebrates. One reason for this is that re-induction of the AER
after amputation in higher vertebrates is challenging. Here, we evaluatedwhether AER re-inductionwas possible
in higher vertebrates. First, we assessed the sequence of events following limb amputation in chick embryos and
compared the features of limb development and regeneration in amphibians and chicks. Based on our ﬁndings,
we attempted to re-induce the AER. When wnt-2b/fgf-10-expressing cells were inserted concurrently with
wounding, successful re-induction of the AER occurred. These results open up new possibilities for limb
regeneration in higher vertebrates since AER re-induction, which is considered a key factor in limb regeneration,
is now possible.C.I.S., 3-1-1, Tsushima-naka,
).
ll rights reserved.© 2010 Elsevier Inc. All rights reserved.Introduction
Despite a long history of amphibian limb regeneration studies, little
effort has been made to apply the ﬁndings from these studies to higher
vertebrates. The molecular analysis of amphibian limb regeneration is
now possible; however, it remains difﬁcult to analyze the early stages of
limb regeneration because many responses take place concurrently. The
accessory limbmodel developed recently by our research teamallows for
the examination of these issues (Endo et al., 2004; Satoh et al., 2007). The
accessory limbmodel outlines the early events in limb regeneration. First,
within several hours, epithelial cells migrate and cover the damaged
surface. Cells in the wound epithelium (WE) then receive neural signals
leading to the formation of an apical epithelial cap (AEC) (Satoh et al.,
2008b). AEC induction leads to dedifferentiation in stump tissues, which
gives rise to undifferentiated cells called blastema cells (Satoh et al.,
2008a,b, 2010). These cells accumulate around the amputation surface to
form a blastema (Gardiner et al., 1986). The blastema then replicates
developmental processes to regenerate the amputated limb (Bryant et al.,
2002). When interactions between the neurons and WE are inhibited,limb regeneration does not occur because the AEC does not form (Satoh
et al., 2008b; Satoh et al., 2010; Thornton, 1957). Thus, AEC induction is a
key event in limb regeneration. These discoveries suggest the possible
application of similar concepts to higher vertebrates.
The AEC is considered to be structurally equivalent to the AER, a
transient structure formed during limb development in many species.
It is located in the distal limb epidermis and is thought to foster cell
proliferation and to maintain underlying mesenchymal cells in an
undifferentiated state. As the AER is lost, the limb bud stops growing
and begins to differentiate. The AEC is thought to perform similar
functions (Saunders, 1948; Summerbell, 1974; Thornton, 1960), and
similar gene expression patterns have been described in the AER and
AEC. For example, fgf-8 and sp-9 are expressed in both the AER andAEC
(Han et al., 2001; Kawakami et al., 2004; Mahmood et al., 1995; Satoh
et al., 2008b). Importantly, the AER and AEC can induce limb
regenerative responses in chicken embryos and amphibian limbs,
respectively (Hayamizu et al., 1994; Satoh et al., 2010). When the AER
is ectopically grafted onto the amputation surface of a chicken limb
bud, the amputated limb bud will continue growing, resulting in a
relatively normal limb skeletal pattern. Of importance, fgf genes
expressed in the AER have been shown to play a role in limb
regenerative responses in chicken limb bud (Kostakopoulou et al.,
1996, 1997; Taylor et al., 1994). For example, fgf-2 and fgf-4 can
158 A. Satoh et al. / Developmental Biology 342 (2010) 157–168substitute for the AER in chicken limb regeneration, and fgf-4can
reactivatemsx-1 expression in the distal region of an amputated limb
bud. Msx-1 expression occurs in undifferentiated regions during
embryogenesis and may maintain mesenchymal cells in an undiffer-
entiated state (Hill et al., 1989; Robert et al., 1989). Although the AEC
has been less studied than the AER, there is no doubt that the AEC and
AER are similar in terms of structure and function, and that both play
important roles during limb development and regeneration.
Little is known about AER induction during limb development.
Studies have shown that a region of the epidermis gives rise to AER
precursor cells in response to a mesenchymal signal. Furthermore,
somites, intermediate mesoderm, and lateral plate mesoderm are all
involved in AER induction. These tissues act as a source of Fgfs and
Wnts, which induce AER formation (Kawakami et al., 2001; Ohuchi et
al., 1997). The AER cells gather on the border of the dorsoventral axis
in a process controlled by wnt-7a and engrailed-1 (Fernandez-Teran
and Ros, 2008). Initially, the cells of the AER are relatively spread out,
before localizing to a narrower region. It has been hypothesized that
the dorsoventral axis is not necessary for AER induction, but is instead
important for AER maturation. However, AER precursor cells are
generated in the ventral epidermis (Fernandez-Teran and Ros, 2008;
Loomis et al., 1998). Thus, a relationship between dorsoventral axis
formation and AER induction exists. Other factors, including wnt2b
and wnt-8b, are able to induce AER cell generation (Kawakami et al.,
2001). Wnt-2b and wnt-8b are expressed in the lateral plate
mesoderm and limb mesenchyme, but their expression is restricted
to a shorter time period.Wnt-2b expression disappears from the distal
region of the limb mesenchyme prior to budding. Thus, wnt-2b is
expressed only during the limb induction period and functions to
induce expression of fgf-8 in the epidermis. Other factors may also be
involved in AER formation. Though many papers on related subjects
have been published, the mechanisms underpinning AER induction
remain largely unknown.
AEC induction is a key event during limb regeneration in axolotls.
According to the accessory limbmodel, the earliest events during limb
regeneration are WE formation and nerve interactions with the WE
(Satoh et al., 2008b). Axolotl nerves secrete Fgf-7 (Kgf), which acts
upon the WE. Under the inﬂuence of neurotrophic factors including
Fgf-7, the WE is speciﬁed as the AEC leading to the expression of AEC
marker genes, such as sp-9. These events take place within a couple of
days of amputation. The AEC initiates and maintains limb regenera-
tion (Nye et al., 2003; Thornton, 1960). As mentioned above, the AER
and AEC can induce regeneration responses in chicken limb buds and
axolotl limbs, respectively (Hayamizu et al., 1994; Satoh et al., 2010).
However, the AER cannot be reformed after amputation in chicken
embryos. In the present study, we attempted to induce AER formation
based on insights gained from amphibian regeneration and chicken
limb development studies. First, we examined the early events in
chicken limb amputation, which revealed many similarities and
differences between amphibian limbs and chicken limb buds. Next,
we tested the capacity of fgf-10 and wnt-2b to induce AER formation.
As a result, we successfully detected ectopic fgf-8 expression. In
summary, the insights gained from studies of amphibians have
enabled us to induce AER formation in chicken embryos. These
ﬁndings open up new possibilities for limb regeneration in higher
vertebrates; furthermore, they indicate that the knowledge gained
from amphibian limb regeneration studies may be clinically useful.
Materials and methods
Experimental manipulations
Chickenembryoswere stagedaccording to themethods ofHamburger
and Hamilton (1951). Stage 23 limb buds were subjected to amputation,
300 μm from the distal tip. FGF-2-soaked beads were then transplanted
onto the amputation surface. The beads were prepared according topreviously described methods (Tabata and Ikada, 1999). Brieﬂy, acidic
collagen beads were soaked in 500 μg/ml FGF-2 (R&D Systems). For AER
grafting, the limb epidermis was removed as described previously (Omi
et al., 2002) and the AER dissected out using needles. Tungsten pins were
thenused toﬁx theAERgraft onto the amputation surface. Tovisualize the
skeletal pattern, the embryoswere incubated for seven days after surgery
and stained with Alician Blue.
Ectopic AER formationwas induced in stage 23 embryos. Graftswere
created throughamputation300 μmfromthedistal tip and thegraftwas
placed onto the amputated contralateral limb bud with or without a
180° rotation. Replication-competent avian sarcoma virus (RCAS)-
infected DF-1 cells were inserted into the gap between the graft and
stump. The cells were prepared according to previously described
procedures. Brieﬂy, DF-1 cells were cultured in a 3 cm dish and
transformed using Lipofectamine (Invitrogen) with RCAS vectors (the
wnt-2b vector was kindly provided by Dr. Cepko and the fgf-10 one by
Drs. Ohuchi and Noji). To determine which cells carried the transgene,
we performed immunohistochemical analysis using an anti-AMV-3C2
monoclonal antibody (DSHB:Developmental StudiesHybridomaBank),
which recognizes viral Gag proteins. Infected cells were harvested as a
sheet using a scraper. The sheets were then cut to size and grafted.
In situ hybridization and immunohistochemistry
The following geneswere detected by RT-PCR: fgf-8, fgf-10,wnt-7a,
lmx-1b, and hoxa-13. Fgf-8 was provided by Dr. Ohuchi while
engrailed-1 was provided by Dr. Nakamura; Shh was isolated
previously. RNA probe templates were synthesized by PCR using
M13 forward and reverse primers. Based on sequence data, the
appropriate RNA polymerase was selected to synthesize sense RNA
probes.Whole-mount and section in situ hybridizationwas performed
using standard methods.
For immunohistochemistry, embryos were ﬁxed in 4% parafor-
maldehyde in phosphate-buffered saline (PBS), immersed in 30%
sucrose/PBS, embedded in OCT Compound (Sakura), frozen, and
sectioned using a cryostat. Immunohistochemistry was performed as
described previously (Satoh et al., 2008a). Brieﬂy, sections were
incubated with primary antibodies overnight at 4 °C, washed for
10 min in PBS three times, and then incubated with anti-mouse
secondary antibodies for 2 h at room temperature. The sections were
then washed for 10 min in PBS three times. Hoechst 33258 (Dojindo),
diluted 1:2000, was included in the ﬁrst wash to visualize cell nuclei.
F-actin was visualized using rhodamine-conjugated phalloidin (Cy-
toskeleton). For BrdU staining, we injected BrdU into the vitelline
membrane 30 min prior to ﬁxation. Antigen retrieval was performed
in 2 N HCl for 15 min at 37 °C. The following antibodies were used:
anti-laminin (DSHB; 3H11-c, 1:500), anti-BrdU (DSHB; G3G4, 1:500),
anti-Engrailed-1 (DSHB; 4G11-c, 1:50), anti-pan-cytokeratin (Progen;
610145, 1:50), and anti-mouse IgG Alexa488 (Invitrogen; 1:500).
For whole-mount immunohistochemistry, we ﬁrst performed in situ
hybridization to visualize the fgf-8 expression as above. The sample was
washed several times in TBST and soaked in 0.5% blocking reagent
(Roche) for 1 h. It was then incubated overnight with the primary
antibody at 4 °C and washed at least ﬁve times in TBST. The washed
sample was re-blocked using the same blocking reagent for 1 h and
incubatedwith secondary antibody overnight at 4 °C. Color detectionwas
performed using DAB solution (Wako). An anti-Gag antibody (DSHB;
AMV-3C2, 1:50) andChemMate EnvisionDetectionKit (Dako)wereused.
Results
Skeletal patterns in amputated chicken limb buds
As reported previously, the chicken limb bud is not regenerative
and a stage 23 limbbud is already speciﬁed, but not fully differentiated.
Because we amputated the limb bud 300 μm from the distal tip, we
Fig. 1. Chicken limb buds cannot regenerate a distal structure after amputation. (A) Control limb. Non-amputated limb comprising a stylopod, zeugopod, and autopod. (B–D) Skeletal
pattern in the amputated limb. Tissue was dissected out 300 μm from the distal tip of stage 23 embryos. Samples were harvested at 7 days after the amputation. Three different
phenotypes were observed; the radius and ulna appeared to be relatively normal (B). In the most dominant phenotype, the radius was relatively normal, whereas the ulna was
defective (C). In (D), both skeletal elements were defective. (E) Amputation was performed at stage 24 and ﬁxed 7 days after the amputation; the zeugopod formed normally. A small
amount of carpal cartilage was observed. (F) When amputation was performed at stage 22, the autopod and zeugopod did not develop. (G) As a result of grafting the AER onto the
amputation surface, the autopodial structure was regenerated. The asterisk indicates a tungsten pin. (H) FGF-2-soaked beads were placed onto the amputation surface in place of the
AER. FGF-2 was able to stimulate regeneration as effectively as the AER graft. All samples were ﬁxed 7 days after the amputation.
159A. Satoh et al. / Developmental Biology 342 (2010) 157–168observed three different skeletal patterns (Figs. 1A–D; Table 1). In
accordance with previously described fate maps, the amputation
region was in the mid-proximal region of the zeugopod (radius/ulna)
(Sato et al., 2007; Stark and Searls, 1973). In most cases, the anterior
bone (cartilage) was of normal length, rather than half-length
(Fig. 1C). In contrast, the posterior bone (cartilage) was severely
affected and remained as a small cartilaginous structure (Fig. 1C). In a
few cases, both the anterior and posterior bones remained (Fig. 1B). In
such cases, though both bones were of relatively normal lengths, the
anterior bonewas always longer than the posterior one. The remaining
samples exhibited almost no zeugopodial elements (Fig. 1D). Only a
small cartilage particle was present in the elbow region.
We performed the same amputation experiments using stage 22
and 24 limb buds (Figs. 1E,F). At stage 24, amputation (300 μm fromTable 1
Fgf-8 induction No Fgf-8 induction Total
DV rotated 0 15 15
DV rotated+Wnt-2b+Fgf-10 12 16 28
Wound+Wnt-2b+Fgf-10
(control as no DV rotation)
3 13 16
DV rotated+Wnt-2b 0 6 6
DV rotated+Fgf-10 0 10 10
Wnt-2b+Fgf-10 (injection) 0 10 10the distal tip) revealed full zeugopodial elements (Fig. 1E). Based on
the aforementioned fate maps, this is a convincing result. In some
cases, small cartilage elements were associated with the zeugopodial
region. For the stage 22 limb buds, no zeugopodial or autopodial
elements were observed (Fig. 1F). Collectively, these results conﬁrm
that autopodial elements were removed when the stage 23 limb buds
were amputated (Table 1). Furthermore, the chicken limb bud was
conﬁrmed as a non-regenerative limb, since autopodial elements
were not observed when stage 23 limb buds were amputated.
The AER and AEC can initiate limb regenerative responses in
chicken limb buds and axolotl limbs, respectively (Hayamizu et al.,
1994; Satoh et al., 2008b, 2010). We re-examined AER activity.
Speciﬁcally, we grafted the AER, which was removed enzymatically
and mechanically, onto limb bud amputation sites in embryos at
various stages of development. As expected, digit-like structures were
observed (Fig. 1G); however, it was difﬁcult to observe a complete
autopodial skeletal pattern. It was previously reported that FGF-2 can
substitute for the AER in chicken limb bud regeneration (Taylor et al.,
1994). Thus,we repeated these experiments using an FGF-2 bead graft.
As a result of such grafting, digit-like structures were formed (Fig. 1H).
These results indicate that chicken limb buds are not regenerative but
can be rescued by AER grafting. This is consistent with the insight in
axolotl limb regeneration because AEC can convert simple wound
healing into limb regeneration responses (Satoh et al., 2010).
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limb buds
The early events of chicken limb bud amputation are not well
deﬁned. In this study, we examined the early events in chicken limb
bud amputation. Wound closure was visualized by monitoring
Laminin expression, which occurred proximal to the epidermisFig. 2.Wound closure was complete within 18 h after amputation. Limb buds were amputat
Samples were sectioned. (A–D) Laminin was used as an epidermal marker. Laminin express
Highermagniﬁcation view of the highlighted region in (D). (E–H)mmp-9 transcriptionwas d
by asterisks). (I) Whole-mount in situ hybridization analysis of mmp-9 expression in the 1
200 μm.(Figs. 2A–D). In most cases the amputation surface was completely
re-epithelialized within 18 h, which is longer than the equivalent
process takes in amphibians. The wound closure times were
dependent on the amputation surface: if the surface was smooth,
18 h was sufﬁcient; if not, it took longer. To compare chicken and
amphibian limb amputation further, we also examined the expression
of mmp-9, which encodes gelatinase B/matrix metalloproteinaseed at stage 23 and harvested at 4 (A), 8(B), 12 (C) and 18h (D) after amputation. (A–H)
ion was observed in the epidermis (Green). Nuclei were visualized by DAPI (blue). (D’)
etected (arrows indicatemmp-9 expression at the apex of themigrating wound, marked
2h sample. Not all epidermal cells in the wound margin expressed mmp-9. Scale bars,
161A. Satoh et al. / Developmental Biology 342 (2010) 157–168(MMP)-9 (Figs. 2E–H).mmp-9 plays a central role in wound closure in
axolotls. We found that, in chicken embryos,mmp-9was expressed in
amputated limb buds from 4 h post-amputation until the completion
of wound closure (Figs. 2E–H). Interestingly, mmp-9-expressing cells
were located only at the apex of the regenerating epidermis (Figs. 2E–
H, arrows). Moreover, not all of the apical cells expressed mmp-9.
Whole-mount in situ hybridization yielded similar results (Fig. 2I). We
next focused on F-actin ﬁlaments because it is suggested that F-actin
plays a role in embryonic wound closure (Martin, 1997; Redd et al.,
2004). Phalloidin–rhodamine, which speciﬁcally binds F-actin, was
used to visualize F-actin accumulation during wound closure.
Phalloidin–rhodamine accumulated at the edges of the migrating
epidermis (Figs. 3A–D). F-actin accumulated locally at the leading
edge of the migrating cells (Fig. 3D). We also investigated cell death
and proliferation (Figs. 3E–L). Apoptotic cells were detected through
expression Cleaved Caspase-3. Samples obtained at 12 and 18 h
contained few Cleaved Caspase-3-positive cells (Figs. 3G,H). Consis-Fig. 3. Sections of the amputated limb buds at different time points. (A–D) F-actin was visual
the epidermal cells. (D) Highermagniﬁcation images clearly show the accumulation of F-actin
was measured based on Cleaved Caspase-3 expression (red). (E, F) Caspase-3 expression wa
12 h after amputation. (I–L) Cell proliferation was visualized by BrdU incorporation (green). (
restored within 12 h of amputation. The BrdU signal could be detected, even in the distal reg
bars, 200 μm.tent with previous reports (Dudley et al., 2002; Rowe et al., 1982),
several cleaved Caspase-3-positive cells were present in the 4- and 8 h
samples (Figs. 3E,F). Interestingly, the cells proliferated at a relatively
constant rate, with similar numbers of BrdU-positive cells observed at
4, 12, and 18 h (Figs. 3I,K,L). At 8 h, however, cell proliferation was
greatly reduced (Fig. 3J). Notably, cell proliferation was restored by
12 h, when fgf-8 expression had declined (Figs. 3K and 4C’,G’).
Gene expression patterns in amputated chicken limb buds
We investigated the gene expression patterns in amputated limb
buds. Shh is expressed in the proximal region of limb buds and
controls the anterioposterior axis (Fig. 4A). In the present study,
amputation did not eliminate the entire Shh expression domain
(Fig. 4A’). Nevertheless, Shh expression was not detected 18 h after
amputation (Fig. 4B’). Hoxa-13 was expressed in the distal region of
stage 23 limb buds (Fig. 4B). The expression domain was truncated asized using phalloidin–rhodamine (red). F-actin accumulation was detected at the tips of
(arrowhead). White dotted line indicates the border of the epidermis. (E–H) Cell death
s detectable 8 h after amputation. (G, H) Caspase-3 expression was no longer detectable
J) The BrdU signal was decreased at the amputation surface. (K, L) Cell proliferation was
ion. Nuclei were visualized by DAPI (blue). Asterisks indicate the wound margins. Scale
Fig. 4. Amputation resulted in defects in the expression of distal marker genes. Expression of (A, A’, E, E’) Shh, (B, B’, F, F’) Hoxa-13, (C, C’, G, G’) Fgf-8, and (D, D’, H, H’) Fgf-10. (A–H)
Contralateral limb buds are shown as controls. (A’–H’) Amputated limb buds. Shh expression was diminished by 18 h (E’). Defects in hoxa-13 expression are indicated by the lack of
an autopod (F’). Small fgf-8 expressing cells remained in the anterior region (C’, G’). By contrast, fgf-10, whose function overlaps with that of fgf-8, was not detected (H’). Scale bars,
300 μm.
162 A. Satoh et al. / Developmental Biology 342 (2010) 157–168a result of amputation (Fig. 4B’). This loss of Hoxa-13 expression was
maintained throughout all stages, indicating that the autopod was not
restored (Fig. 4F’). Fgf-8, an AER marker, could not be fully eliminated
(Fig. 4C’): a small fgf-8 positive region remained after amputation and
fgf-8 expression continued for 18 h after amputation (Fig. 4G’). Fgf-10
is functionally related to fgf-8 (Allard and Tabin, 2009); together these
genes form a positive feedback loop during limb development that is
responsible for proximodistal growth. The fgf-10 expression domainwas eliminated by surgery (Fig. 4D’). In the 18 h samples, fgf-10
expressionwas not detected by in situ hybridization (Fig. 4H’).We also
investigated wnt-2b expression in the amputated limb bud. Wnt-2b
was not expressed during the experimental period (data not shown).
We next examined the gene expression patterns in the DV axis of
the amputated limb bud (Fig. 5). Formation of the DV axis is primarily
controlled by three genes: wnt-7a, lmx-1b, and EN1. Amputation did
not affect the expression of lmx-1b orwnt-7a, which are speciﬁc to the
Fig. 5. The dorsoventral axis of an amputated limb bud. Samples were ﬁxed 8h (A, D, G), 12h (B, E, H) and 18h (C, F, I) after amputation. Expression of (A–C) lmx-1b, (D–F) wnt-7a,
and (G–J) Engrailed-1(En-1). (B, E) The spatiotemporal relationship between the expression of lmx-1b andwnt-7awasmodulated transiently by amputation. (A’) and (E’) are higher
magniﬁcation views of the boxed region in A and E, respectively. (E’) Wnt-7a expression can be seen in the apical epidermal cells. (G–I) Engrailed-1 was not detected after
amputation. (J) The contralateral limb bud (18 h sample) expressed Engrailed-1 (green). (J’) Higher magniﬁcation view of the boxed region in J. Nuclei was visualized by DAPI (G–J,
blue). Arrowheads indicate the wound margins, and asterisks the points of wound closure. Scale bars, 200 μm.
163A. Satoh et al. / Developmental Biology 342 (2010) 157–168dorsal mesenchyme and epidermis, respectively (Figs. 5A–F). Al-
though lmx-1b and wnt-7a expression was maintained, their spatial
patterns of expression were affected in some cases (Figs. 5B,E),
perhaps as a result of epidermal migration. Typically, the wnt-7a and
lmx-1b expression domains overlap (Cygan et al., 1997). We could not
detect Engrailed-1 immunohistochemically (Figs. 5G–I); however, we
detected an Engrailed-1 signal in the contralateral limb bud (non-
amputated limb; Figs. 5J,J’). These results indicate that the DV axis was
disturbed by amputation.
Ectopic AER induction by wnt-2b, fgf-10, and wounding
The amputated limb buds exhibited slow epidermal healing and no
DV border (Figs. 2 and 5). As demonstrated above, it is presently
difﬁcult to accelerate epidermal migration in amputated chick limb
buds. To further investigate limb regeneration in chick embryos, weused a differentmodel. Instead of being amputated, the distal limb bud
was removed, rotated, and replaced. As a consequence, the epidermis
was damaged but thewound edges were in closer proximity, meaning
that the wounds closed more quickly (Fig. 6). A new DV border was
created due to rotation of the graft. First, we investigated epidermal
healing in this replacement model (Fig. 6). A large blood clot was
observed 2 h after replacement (Figs. 6A–D, asterisk). The epidermal
ridges were not linked at this stage (Figs. 6C,D). Small clusters of
keratin-positive cells were frequently observed (Figs. 6A–D, arrow-
heads) that were usually independent from both edges of the
epidermis. The non-epithelialized region was noticeably narrower
4 h after replacement (Figs. 6E–H). Six hours were typically sufﬁcient
for complete wound closure (Figs. 6I–L). Therefore, in this model,
wound closure was completed within 6 h. We next tested whether it
was possible to induce ectopic AER formation on limb buds after stage
23. To re-induce the AER, native AER induction mechanisms must be
Fig. 6. Sections of the operated limbs. (A–D) Epidermal regeneration was incomplete at 2 h after grafting. (E–H) Four hours after surgery, the epidermis was nearly completely restored. (I–L) Six hours were sufﬁcient for complete wound
closure. Asterisks indicate the blood clot. Arrowheads in A and B indicate epidermal clusters. Bars in D and H indicate the uncovered region. The epidermis was visualized using an anti-keratin antibody (B, F, J, D, H, L, green) and Nuclei were
visualized by DAPI (blue). C, D, G, H, K, and L are higher magniﬁcation views of the boxed regions in A, B, E, F, I, and J, respectively.
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10 and wnt-2b are known to play important roles in this process
(Kawakami et al., 2001;Ohuchi et al., 1999; Yonei-Tamura et al., 1999).
So, we investigated these two factors could induce an ectopic AER on
the newDV border.We inserted RCAS-infected cells into the boundary
between the graft and host. When we inserted wnt-2b and fgf-10
expressing cells, cells expressing fgf-8 were observed ectopically
(Fig. 7; Table 1). Speciﬁcally, ectopic fgf-8 expression was observed on
the new DV boundary within 18 h after surgery (Figs. 7A,B). To
determine whether fgf-8 was expressed by the inserted DF-1 cells or
host cells, Gag, an RCAS viral protein, was detected immunohisto-
chemically (Fig. 7B’). Gag was not expressed in the fgf-8 expressing
cells, suggesting that the latter were host cells and not DF-1 cells. By
24 h post-surgery, the ectopic AER had, in some cases, induced ectopic
budding (Figs. 7C,D,G; Table 1). Interestingly, there were two distinct
ectopic fgf-8 induction patterns: budding (Fig. 7G) and non-budding
(Fig. 7E). In the non-budding type, fgf-8 was expressed in the
epidermis (Fig. 7E), albeit at lower levels than in the original AER.
The AER formed following ectopic budding was similar to the originalFig. 7. Ectopic AER can be induced using an insertion ofwnt-2b/fgf-10 DF-1 cells with distal r
(B) Higher magniﬁcation view of A. Ectopic fgf-8 expression was observed along the bord
immunohistochemical detection of Gag (brown, arrowheads). The inserted DF-1 cells locali
expressed ectopically, budding was often observed 24 h after amputation (red arrow). Red
view of C. Small buds were observed in the embryos with ectopic fgf-8 expression. (E) Ectopic
Fgf-8 was expressed only in the epidermis (red asterisk). The box in E is a higher magniﬁcat
bud, which showed budding. (F) Fgf-8 expression in the original AER. (G) Fgf-8 expression in
stump border. Scale bars: A and C, 300 μm; E, 200 μm; F and G, 100 μm.AER (Figs. 7F, G). Because DV rotation disturbed the skeletal pattern, it
was difﬁcult to determine whether the budding resulted in the
formation of a skeletal structure. We also found that DV rotation was
not necessary to induce ectopic AER formation (Fig. 8; Table 1). The
distal graft was replaced without rotation. And then, wnt-2b/fgf-10
expressing DF-1 cells were inserted into the boundary. These
procedures also resulted in ectopic AER formation (Figs. 8A,B). Ectopic
fgf-8 expression was not overlapped with the Gag-positive cells,
suggesting that the ectopic fgf-8 expressing cells were not DF-1 cells.
We also examined the skeletal patterns (Figs. 8C–E). In some cases, day
10 embryos possessed additional skeletal elements on their dorsal
sides (Figs. 8C–D). A small cartilaginous structure extended dorsally at
the wrist level; however, perfect limb structures were not observed.
We speculate that the induced fgf-8 expressing cells are not
maintained for long time. Neither fgf-10 nor wnt-2b gave rise to an
ectopic AER (Table 1). Moreover, transection seems to be necessary to
induce ectopic AER formation, since injected cells expressing fgf-10
andwnt-2bdid not induce ectopic fgf-8 expression (Table 1). Lastly,we
attempted to induce ectopic fgf-8 expression in limb buds from whichotation. (A) Ectopic fgf-8 expression was detected at 18 h after the surgery (red arrow).
er between the graft and stump. (B’) The inserted DF-1 cells were visualized by the
zed separately from the fgf-8 expression domain (purple, arrows). (C) When fgf-8 was
dots indicate the border between the distal graft and stump. (D) Higher magniﬁcation
fgf-8 expression in an operated limb bud, which did not grow an ectopic bud formation.
ion view of the fgf-8 expressing region in E. (F, G) Fgf-8 expression in an operated limb
the ectopic AER. Asterisks indicate fgf-8 expression. Arrows in A and C indicate the graft/
Fig. 8. Ectopic AER could be induced using awnt-2b/fgf-10 DF-1 insertionwithout distal rotation. (A, B) Fgf-8 and Gag expressionwas visualized bywhole-mount in situ hybridization
and immunohistochemistry, respectively. Ectopic fgf-8 expression was detected without rotation. Ectopic fgf-8 expressing cells were localized at the border between the distal graft
and stump (arrows). Gag-expressing cells (DF-1) were present in areas separate from the fgf-8 expressing region. (C–E) Skeletal pattern in an operated limb bud. The sample was
ﬁxed 10 days after the surgery. An additional skeletal structure was observed in associationwith the original autopodial structure (arrows). (D) Higher magniﬁcation view of (C). (E)
Distal view. Asterisks in C–E indicate the tungsten pin. Roman numbers in D indicate the digit numbers, which were identiﬁed according to the system devised by Vargas and Fallon
(2005).
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removed mechanically (Supplemental Fig. 1C). AER removal resulted
in a smaller wounding. So, it took shorter time to complete wound
healing as compared to an amputated limb bud. Therefore, we could
see the ectopic fgf-8 expression without grafting. As RCAS-infected
cells were placed on the distal tip, we detected ectopic fgf-8 expression
around the DF-1 cells (Supplemental Fig. 1A,B). These results indicate
that AER re-induction is possible following wounding by stimulating
the expression of fgf-10 and wnt-2b.
Discussion
Early events during limb bud amputation
To date, the early events in limb bud regeneration in higher
vertebrates have not been described well. The present study clearly
outlines the events immediately following amputation in chicken
limb buds. Compared with axolotl wound closure, avian wound
closure occurs much more slowly (Fig. 2). Although axolotl limbs are
not an embryonic structure, axolotls can close wounds in several
hours (Mullen et al., 1996; Satoh et al., 2008b). In the case of the
axolotl, ‘several hours’ does not have signiﬁcant meaning for mature
limbs; however, a stage 23 chick limb bud generally develops within
that time scale. In our study, gene expression in the amputated limb
bud changed within 18 h of surgery (Fig. 4). Therefore, the time to
development is about the same, but the relative meaning for axolotls
and chick embryos is different.Wound closure in the chicken limb bud
is slow compared with axolotl wound closure, and this delay might be
critical for limb regeneration. In accordance with our previous results,
AEC/AER induction is one of key events in limb regeneration, and it is
impossible to induce an AER without wound closure. This subject
should be studied further in the future.
Mmp-9 expression was observed in both amputated chicken limb
buds and axolotl wounds (Figs. 2E–H) (Satoh et al., 2008b). Mmp-9
plays a central role in axolotl wound closure, as demonstrated
through the use of a mmp-9 inhibitor (personal communication).
Mmp-9 expression was observed in amputated chicken limb buds(Figs. 2E–H). It is unknown whether the induction of mmp-9 is
vestigial or has a function in wound closure. F-actin bundles were also
detected in the regenerating epidermis (Figs. 3A–D). Previous studies
have suggested that these bundles close wounds by tightening in a
drawstring fashion (Martin, 1997). Collectively, the promotion of
wound closure is a key element in limb regeneration in higher
vertebrates.
In the present study, the cells of the amputated limbs were
proliferative unexpectedly (Figs. 3I–L). Previous studies have shown
that AER removal results in decreased cell proliferation (Dudley et al.,
2002). In our experiments, amputation removedmost of the AER cells,
leaving only a residual amount of tissue (Fig. 4C’). However, cell
proliferation was restored within 12 h of amputation (Fig. 3K), and
the amputation surface contained many BrdU-positive cells. Thus,
AER-independent mechanisms for promoting cell proliferation must
exist in limb buds lacking AERs. With respect to the cell death, we
used anti-cleaved Caspase-3 antibodies to check the cell death.
Cleaved Caspase-3 activity peaked 8 h post-amputation (Fig. 3F). No
obvious differences in cleaved Caspase-3 activity were observed
between control and amputated limb buds at 12 or 18 h (Figs. 3G,H;
data not shown). We hypothesize that the AER-dependent (undiffer-
entiated) cells diedwithin 8 h of surgery. After elimination of the AER-
dependent cells, AER-independent cells began to proliferate. Prevent-
ing the loss of undifferentiated, AER-dependent cells might be a key
focus of limb regeneration studies in higher vertebrates. The
inhibition of cell death and the gathering of these cells via accelerated
wound closure and AER induction would result in successful limb
regeneration in higher vertebrates. To investigate our hypothesis,
further experiments are needed focusing on cell proliferation and cell
death.
Analyses of the gene expression patterns in the amputated limb
bud yielded insights into the changes that occur after amputation.
Amputation of the distal portion of the limb bud resulted in a loss of
expression of distal marker genes (Fig. 4). The amputation procedure
used in the current study did not remove all of the fgf-8 expressing
cells (Fig. 4C’). However, the remaining AER cells were not sufﬁcient
to maintain normal limb pattering. In our experiments, none of the
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phalanges; Fig. 1; Table 1) and shh expression was not detected
18 h after amputation (Fig. 4E’). These results are consistent with
previous studies showing AER-dependent shh expression (Laufer
et al., 1994; Li et al., 1996; Niswander et al., 1994). Notably, the DV
axis appears to be affected by amputation, and the spatiotemporal
relationship between the wnt-7a expressing epidermis and lmx-1b
expressing mesoderm was partially disturbed (Figs. 5A–F). These
results indicate that epidermal migration is independent of that of
mesenchymal cells. However, these defects in the wnt-7a and lmx-1b
expression domains should, according to the ﬁndings of previous
studies, be restored, since the dorsal epidermis can induce lmx-1b
expression ectopically and lmx-1b expression in the distal limb
mesenchyme cannot be maintained without input from the dorsal
epidermis (Cygan et al., 1997). We used an antibody to detect
Engrailed-1 (Figs. 5G–J), and found it to be absent from the cells of the
ventral epidermis in the amputated limb buds. Although it is still
uncertain whether correct DV boundary is necessary or not, an
amputated limb exhibited two different features as in comparison to a
regenerative amphibian limb.
Induction of an ectopic AER
The induction of a functional epithelium, the AEC, is a key factor
during amphibian limb regeneration (Satoh et al., 2008b, 2010). In
chicken limb buds, if the AER is replaced after amputation, the limb
bud can start regeneration (Hayamizu et al., 1994). Thus, AER
induction would be apparently important for limb regeneration
even in higher vertebrates.
In this study, we found that the AER was inducible; however, the
epidermis did not have the capacity for fast migration, as seen in
axolotls. This issue must be resolved to produce a regenerative
chicken limb bud. To investigate possibilities for chick limb regener-
ation, we postpone the issue to the future and took the workaround.
Instead of an acceleration of epidermal migration, we made artiﬁcial
wound closure by grafting (Figs. 7 and 8). Ectopic AER formation could
be induced by our surgery (Figs. 7 and 8). And bothwnt-2b and fgf-10
were necessary to induce ectopic AER formation at the boundary
between the graft and stump. Interestingly, wounding appeared to be
necessary for AER formation (Table 1). When wnt-2b and fgf-10
expressing cells were injected into unwounded limbs, an ectopic AER
was not formed. By contrast, when the distal limb bud was removed
and replaced, an ectopic AER was detected as long as wnt-2b-/fgf-10
expressing cells were inserted (Figs. 7 and 8). The wounding signal(s)
governing these mechanisms remain unknown. With respect to the
DV axis, the rotation procedure appeared to increase the rate of AER
induction (Table 1). Previous studies showed the DV border to be
inessential for AER formation (Fernandez-Teran and Ros, 2008).
However, the DV border is necessary for AER maturation (Fernandez-
Teran and Ros, 2008; Loomis et al., 1998). This may explain why we
did not observe a perfect limb skeletal pattern in the accessory
cartilage that was induced bywnt-2b/fgf-10 cell insertion (Figs. 8C–E).
Shh expression is also necessary for limb skeletal patterning (Chiang
et al., 1996, 2001), and its absence from amputated limb buds may be
an additional reason why the cartilage formed had such poor
structure. In our experiments, no ectopic Shh expressionwas observed
(data not shown). Therefore, the observed structure was formed in an
shh-null environment. Although the additional structures that were
observedwere not perfectly formed, these results clearly demonstrate
that AER formation is inducible in stage 23 limb buds. But AER
induction itself is not sufﬁcient for making a complete limb.
Amphibian limb regeneration versus chicken limb bud regeneration
Our ﬁndings reveal key similarities and differences between
regeneration in amphibian limbs and chicken limb buds. First, mmp-9 is upregulated in the epidermis of amphibians and chickens (Satoh
et al., 2008b) (Figs. 2E–H). Second, AER/AEC can induce limb
regeneration (Hayamizu et al., 1994; Satoh et al., 2008b, 2010).
Finally, Fgf signaling plays a role in AER/AEC formation (Ohuchi et al.,
1999; Satoh et al., 2008b; Yonei-Tamura et al., 1999). During axolotl
limb regeneration, Fgfs are secreted from nerves to the wounded
epithelium (Satoh et al., 2008b). In the case of chicken limb buds, fgf-
10 must be expressed in the distal limb mesenchyme or supplied
through cell grafting. Interestingly, Fgfs in the limb mesenchyme can
substitute for nerve signals in Xenopus limb buds (Cannata et al.,
2001). Thus, fgf gene expression in chicken limb mesenchyme may
play a role similar to that of nerves in Xenopus limb buds. By contrast,
some differences were observed. For example, the timing of wound
closure is different in axolotls and chickens. It is widely accepted that
wound closure during amphibian limb regeneration occurs rapidly.
Recently, key features of this process were described (Satoh et al.,
2008b; Tanner et al., 2009). Generally, wound closure in axolotls is
completed within several hours, depending on animal size. First signs
of epithelial migration can be detected within 1 h of wounding (Satoh
et al., 2008b). Cells of the migrating epidermal edge possess many
lamellipodia and ﬁlopodia, and their migration is dependent onmmp-
9 expression (manuscript in preparation). In the case of a chick, no
information about a wound closing of an amputated chick limb bud
exists. Lateral wound, however, has been a little described. According
to those data, lamellipodia and ﬁlopodia were not detected in the
epidermal cells of the migrating edge (Martin, 1997). Actin bundles
appeared to close the wound (Figs. 3A–D), andmmp-9was expressed
in the migrating epidermis (Figs. 2E–H). Thus, actin bundles and
mmp-9-dependent mechanisms operated synchronously to close the
wound. Additional differences were observed in the chick limb buds.
For example, wnt-2b was not expressed in the chicken limb buds
after stage 19 (data not shown). Initially, wnt-2b expression in the
lateral plate mesoderm induced AER formation in the overlying
epidermis (Kawakami et al., 2001). Additionally, wnt-2b induced fgf-
10 expression in the lateral plate mesoderm. This in turn induced
fgf-8 expression, resulting in AER formation. In our experiments,
wnt-2b and fgf-10 expression was necessary to induce ectopic AER
formation (Table 1). The details of the mechanism involved remain
unknown. We suggest, however, that signals resulting from
increased wnt-2b activity are transmitted to the epidermis, leading
to fgf-10-mediated AER formation. To increase our knowledge of
regenerative capabilities, additional comparisons of the limb
regeneration mechanisms in axolotls and higher vertebrates are
necessary.
The present study opens up new possibilities for limb regeneration
in higher vertebrates. We applied our knowledge of amphibian
regeneration (e.g., AEC induction in axolotls) to higher vertebrates
and succeeded in re-inducing AER formation. Because grafting of the
AER onto an amputated limb bud resulted in a regenerative response,
AER re-induction could be the ﬁrst step in limb regeneration in higher
vertebrates.
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